The article discusses convectional elements of a building's passive solar heating systems. Mathematical description of heat transfer and air movement processes in the convection elements is presented as an equation set in differential form. The set of equations allows the determination of the temperature distribution in the convectional element as well as the heat flow being supplied into the room. At the same time, it is possible to analyze structural factors influencing the heat flow. The mathematical description of the heat transfer and air movement processes is illustrated by examples of calculations and diagrams of air movement in the convectional elements.
Active and passive solar heating systems
The use of solar energy for heating buildings is associated with solutions of some engineering problems, primarily the effective capturing and accumulation of solar energy. Various types of solar panels, solar collectors and other devices in which the water is heated are used for effective collection of solar energy. The heated water is then accumulated in storage tanks and stored for future use in a building's heating needs. Heating systems in which the solar panels or solar collectors are used are called active solar heating systems. Besides the active systems for a building's heating, the so-called passive solar heating systems are also widely used. In passive systems, solar energy is collected using the structural elements of the building. The energy is also accumulated with the help of the building's structures. The simplest example of capturing solar energy by passive heating is a window with a curtain. At night, when the curtain is closed, the heat loss through the window is reduced. In the daytime, the curtain should be opened to increase the supply of solar energy to the room. Thermal energy would accumulate through the heating of the walls and furniture. However, there will be unavoidable indoor air temperature fluctuation. The highest temperature in the room will be during the period of maximum heat entry from the solar radiation. During this period, the indoor climate may be unsatisfactory. The regulation of indoor air temperature with such passive heating is quite difficult. In comparison to the window with a curtain the convectional elements are more advanced designs for passive solar heating. For example, the passive building with the Trombe wall design [1] and convection loop [2] have found widespread applications. In the Trombe wall design, the solar energy is accumulated by a massive wall that is heated during the day and cooled at night. An air stream flowing near the massive wall is heated up by the wall and then enters the room. A similar process of accumulation and heat supplying occurs in the convection loop design.
An analysis of existing thermal calculation methods of convectional elements of building's passive heating systems
Formation and movement of air streams, i.e. aerodynamic processes in the air space, are the least studied processes of the convectional elements of passive heating systems. This is especially typical of cases when the air movement occurs due to action of gravitational pressure. It should be mentioned that these processes are closely related to the heat transfer processes in the air space. It would be more accurate to say that the process of air movement is caused by the processes of heat transfer. Analysis of the literature [1, [3] [4] [5] [6] [7] shows that heat transfer processes also have not been studied enough. For example, one of the most widespread mathematical models [3, 4] describing the change in air temperature and heat transfer processes in the air space are rather approximate. They do not allow the consideration of convective and radiative heat transfer processes separately from each other. At the same time, the physical processes that occur at the radiative and convective heat transfers are fundamentally different in nature. The models also do not allow determination of the change in temperature of the surfaces along which the air streams are flowing. They also do not take into account the characteristics of the air movement and the change of the convective heat transfer coefficient.
The mathematical model presented in the sources [4] [5] [6] [7] in the form of an equations set, describes the heat transfer process through opaque and transparent building envelopes. In order to solve these equation sets, overly simplified boundary conditions are introduced in the form of solar temperature [4, 8] , and these then influence the results of the calculation.
The existing mathematical models do not allow the estimation of the influence of some structural factors, such as thickness, length and width of the air space, the emissivity of the surface, bounding air space, on the change of convective and radiative heat fluxes, as well as the entire process of collecting and supplying heat to the room.
Physical and mathematical model of the heat transfer and air movement processes in the Trombe wall design
For a more complete mathematical description of the heat transfer and air movement processes in the convectional elements of building's passive solar heating systems let's consider a physical model of heat transfer process in the Trombe wall. Glazing is almost transparent to short-wave solar radiation. Therefore, solar energy is almost entirely supplied to the surface of the massive wall. Then the air in the air space is heated and moved near the massive wall surface. Besides, the heat flow is transferred into the room through the massive wall by conduction. Let us consider steady-state heat transfer process, complicated by transitional process of air heating. 
Similarly, the equation of heat balance of the glazing surface can be obtained. If the solar radiation is intense enough, the glazing surface is heated by the radiant heat flow, which comes from the surface of the massive wall. The heated glazing then transfers heat to the air moving between the glazing and massive wall (see Fig. 2b ), to the outdoor air and the surrounding outdoor subjects (due to radiant heat transfer). If we are to neglect the heat conductivity resistance of glazing and consider it as a surface, then the heat balance equation of glazing has the form
Equations that describe the heat balance of air moving near the surface of the glazing and massive wall are as follows (in the differential form)
The heat transfer processes in the air space are interconnected with each other [9] . Therefore, mathematical model that describes these processes is a system of equations consisting of the equations (3)- (6) . After supplementing this system of equations with the equation that characterizes the air movement process, the mathematical model of heat transfer and air movement processes in the air space of the Trombe wall is obtained. 
The proposed system of equations I-V (mathematical model (7)) consists of five equations and has five unknown parameters. Four unknowns are the functions of the temperature Т 1 (х), Т 2 (х), Та 1 (х), Та 2 (х) and the fifth parameter is the velocity of air in the air space. To illustrate the calculation, the mathematical model (7) was solved by the method of finite differences with the following initial data: Table 1 Calculations performed for a cold period at other outdoor air temperatures and other values of solar radiation intensity, indicate that the air flow path may be different from scheme shown in Fig. 1b . If the glazing surface temperature is lower than the indoor air temperature, then the air near the surface of the glazing is cooled and moves down (Fig. 3a) . In this case, the air is heated by a massive wall, then one part of it flows into the room, and another one is cooled near glass (see Fig. 3 ). If the air in the air space is cooled near the surface of the glazing more intensively than it is heated near the surface of the massive wall, then air from the room enters the air space through the upper opening of the wall and is cooled near the glazing. Then the cooled air returns to the room through the lower opening of the Trombe wall design (Fig. 3b) . Fig. 3 . Schemes of the air movement when the glazing surface temperature is lower than the indoor air temperature (a) when the solar intensity is quite high; (b) when the solar intensity is quite low
In these cases, the mathematical model (7) should be slightly changed depending on the air movement scheme. In particular, the last equation of the mathematical model (7), which characterizes the air movement process must be replaced by two equations, which have the form:
For the case shown in Fig. 3a The proposed mathematical model (7) allows the analysis of the heat transfer processes in a Trombe wall under any climate data, as well as the determination of the heat flows distribution, and selection of optimal variant of the design
Physical and mathematical model of the heat transfer and air movement processes in convectional elements of a building's passive solar heating systems with the regulation of heat supply
In order to regulate the flow of heat entering the room through the convectional elements of passive solar heating systems, curtains or rotary plates may be used [10, 11] .
The mathematical model (7) can be used in cases when the curtain is completely open or rotary plates are arranged so that their direction coincides with the direction of the solar rays. When the curtains or rotary plates are closed they divide the air space into two parts. In this case the heat transfer process becomes more complicated. In order to develop a mathematical model of heat transfer processes for this case the physical model of the heat flows was examined. The scheme of heat flows (physical model) is shown in Fig. 4 . 
The equations (I), (II) and (III) respectively characterize heat balance of the rotary plates (barrier), external surface of the massive wall and glazing. The equations (IV), (V) and (VI) characterize the heat balance of the air near rotary plates (barrier), near the external surface the massive wall and inner surface of the glazing respectively. Equation (VII) describes the air movement process in the air space between the glazing and massive wall. In general, the mathematical model characterizes the steady-state heat transfer process, complicated by transient process of air heating.
When developing the mathematical model, the following simplifying assumptions were adopted: Thermal conductivity resistance of glazing and rotary plates (barrier) was assumed equal to zero; The air flow in the space between the glazing and the massive wall was equally divided into four parts. Two parts of the air flow moves near the outer and inner surfaces of the rotary plates (barrier) and the other two moves near the inner surface of glazing and the outer surface of the massive wall; Air stream velocity and values of convective heat transfer coefficients near the surfaces are constant at the entire length of air space; The air density in the air space is constant, and corresponds to its mean temperature. The results of calculations performed using the mathematical model (10) shows that the air flow scheme is changed depending on the intensity of solar radiation. Schemes of the air flow's movement (when the intensity of solar radiation is equal 450 and 150 W/m 2 ) with the graphs of air temperature change are presented in Fig. 5 and Fig. 6 . In these cases, the mathematical model (10) was supplemented with four equations (instead of one) which characterize the movement of each air flow separately. 
